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Abstract. Anatomical studies have documented massive back-projections from 
higher to lower visual cortices and to the lateral geniculate nucleus (LGN). The 
large number of synapses from these sources suggest that they should have a 
profound influence on the information carried by feed-forward inputs to these 
cells. However, the functional role of these connections is unclear. In order to 
explore the role of the feedback connections, we have recorded spike trains from 
electrodes placed in LGN in the macaque nwnkcy under sufcnta anesthesia, and 
have compared LGN cells' activity with and without suppression by cooling of 
feedback from primary visual cortex (Vl). Normally, ma,gno and parvo LGN cells 
show a wide range over which their responses are proportional to stimulus contrast. 
Inactivation of Vl feedback causes LGN cells to become more nonlinear and Jess 
sensitive to high contrast than during nonna.l conditions. Responses during Vl 
inactivation have a similar shape to those of retinal ganglion cells. \Vc have also 
tested the properties of the so-called extended smTOmHl as they relate to cortical 
activity and to influences on responses to LGN stimulation. A model of this data 
suggests au interpretation in terms of two fnuctiona.l components of feedback: a 
contrast-dependent component which dominates at high input contrast, and a 
constant baseline level of inhibitory feedback. VVc also show that the influence 
of the extended surround on the classical center mechanism is more complicated 
than a simple integration model. 
Keywords: lateral geniculate nucleus, feedback, top-down, bottom-up, cortical 
cooling 
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1 Introduction 
Visual processing is thought by some to consist primarily of a set of computations aimed 
at deriving image features in a feedforward or "bottom-up'' manner, extracting succes-
sively more complex features as one proceeds up the visual stream from the retina through 
lateral geniculate nucleus (LGN) to the visual cortices. Feedback or "top-down'' connec-
tions from higher to lower visual areas are observed to be present throughout the visual 
system, but their role is not clear. However, theoretical work over the last two decades 
has continued to suggest that higher-level information can be used to help solve lower-
level problems in visual processing (Harth et al., 1987; Koch, 1987; Cove et al., 1995; 
Grossberg et al. 1997, Jones ct al. 1997). In order to determine neurophysiologica.l mech-
anisms by which this might be implemented, we have recorded from LGN cells before, 
during and after inaetivation, by cooling, of primary visual cortex (Vl) (Przybyszewski 
et al., 1998). 
2 Background 
2.1 What are the anatomical connections of hack-projecting pathways? 
V1 LGN rotlna 
Fig. 1. Simplified schematic of anatomical connections between LGN, Vl and V2; s ·-
spiny stellate cells: pyr - pyramidal eells, open triangles - excitatory synaps<~s, black 
triangles - inhibitory synapses. 
The LGN is the relay station through which all information from the retina passes on its 
way to tbe higher visual centers. While approximately 10% of the input fibers to LGN 
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are from the retina, fully 60% are feedback connections from the cortex. For example, the 
number of efferent fibers from primary visual cortex, area Vl, to LGN is, in fact, larger 
than the number of afferent connections from LGN to VI (Hendrickson et al., 1978). 
The arrangement of the feedback as well as the feedforward connections between LGN 
and cortex is highly structured (Fig. 1), and serves functional ends that are as yet little 
understood. 
Fitzpatrick, et al. (1994) found that neurons selectively located in at least two tiers 
in cortical layer 6 of Vl in the macaque project back to the LGN and can be a basis 
for two functionally different back-projecting subsystems. The first tier is located along 
the layer 5-6 border and the second ncar the bottom of layer 6. Neurons in the upper 
tier project exclusively to the parvocellular layers, and the lower tier projects to both 
magnocellular and parvocellular layers. 
Feed-forward connections arc patchy and retinotopic \:vhile feedback connections are 
generally not exclusively so. Feedback connections typically have t\VO parts, a dense 
retinotopically organized part and another more extended, diffuse part (lvinrphy and 
Sillito, 1996). 
2.2 What is the physiological meaning of the different components of 
back-projecting pathways? 
The results of experiments showing the influence of back-projection on cell activities in 
LGN or in VI arc complex and varied. Almost 20 years ago: Tsmnoto et al. (1978) re-
ported that in the cat, \vhen field centers of striate and LGN recipients were in precise 
retinotopic corresponclenc:e, the corticofugal effect~1 on the relay cell;l were excitatory; 
when the Held centers were more widely separated, corticofugal effects were inhibitory. 
Later Marrocco and TvicClurldn (l985) obtained similar results for rnagnocellular neu-
rons, but for parvoccllular neurons ( + Y-B) they found that cortical input was inhibitory 
within 2 degrees of center and excitatory beyond. The inhil>itory effect was stronger for 
lmver spatial fre(ptencies, 0.2-2 cjcleg. Other pa.rvo-cells (·-~R+B/-G) had a direct conical 
excitation effect and showed inhibition in the f-lanking regions. 
In the cat, corticofugal projection to LGN enhances inhibitory nH')Cha.nisms under-
lying length tuning (rvlurphy and Sillito, 1987). H.csponsc <:tmplitudes of LGN cells are 
dependent on stimulus orientation in their receptive field centers relative to stimulus 
orientation in their receptive field extended surrounds. \Vhen both stimuli have that ori-
entation which uwses maximum response in Vl cells, an enhancement of the surround 
antagonism is observed. Blocking eortical activity r-;hows that this effect is strongly de-
pendent 011 corticofugal feedback. 
The feedback connections from the visual cortex to the LGN in the cat .synehronize the 
responses of geniculocortical afferents, thereby increasing the gain of the input for feature-
linked events and "locking" the appropriate circuitry onto stimnlus features (Sillito et 
al., 199i1). Similar effects of Vl cells' synchronization dne to V2 feedback has also been 
observed (Sillito et al., 1995). 
Binding of different features of stirnuli by synchronization between different cell re-
sponses seems to take place as early as the retina. Complex oscillatory responses that are 
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dependent on stimulus and cell type exist in retinal ganglion cells (Prqbyszewski et al., 
1993, 1996). These ganglion cell properties can be simulated by coupled nonlinear oscil-
lators whose synchronization can be regulated by modulation of the coupling strength. 
These results suggest that synchronization between LGN cells can be regulated in a man-
ner similar to the coupling between nonlinear oscillators by modulating intrageniculate 
interneurons (probably GABAergic) via back-projecting pathways. In fact, the situation 
is more complex because back-projecting fibers innervate not only interneurons but also 
distal parts of LGN relay cell dendrites, while retinal input has synapses near cell bodies 
(Hamos et al., 1987). This suggests that the gain of information transmission from retina 
to LGN can be controlled by corticofugal fibers in several ways: by direct interaction 
between retinal and cortical inputs to LGN relay cells (e.g., Koch, 1987), or through 
interneurons (Fig. 1). 
3 Methods 
3.1 Surgical and anesthetic procedures 
Standard :mrgical and anesthetic procedures were l..U:ied (Jacobson et aL, 1993). After 
initial anesthesia (Ketamine 10-15 mg/kg, Brevital in increments of 3 mgjkg, respira-
tion with a mixture of 70% nitrous oxide and 30% oxygen) and loading with a bolus 
of sufenta (Sufc~nta.nil) (2 Jlg/kg) in individual doses, we infused at a rate starting at 2 
p,gjkg/hr, with upward adjustments in dose whenever any signif-icant increases in arterial 
blood pressure or heart. rate were observed. Dosc-~s greater than 2 Jlg/kg/hr \Vere gener-
ally needed, but we started with this dose to avoid severe hypotension. Monkeys were 
paralyzed by continuous infusion of Pavulon (pancuroninm bromide) (0.2 mgjkg per hr) 
ln 5% dextrose and saline. Tvv-o c:lectrodes were placed in LGN, to allow us to study, not 
only the firing of individual cells, but also the synchronization of Hring between cells. 
3.2 Recording techniques and visual stimuli presentation 
Extracellular action potentials were n~corded usint-; parylenc-coated tungsten microelce-
trocles. After amplifying and filtering the electrode signals, an analog/ digital convertnr 
was used to digitize the signals. Action potentials were intera.dively extracted and their 
shape and tirrling relative to visual stimuli 'vere stored on the hard-drive of a PC and sent 
to a server PC. The data analysis was performed on-line using softwar8 already written 
in the Visual C + + and Ma.tLab languages, in order to decide how many blocks of the 
visual stimuli should he applied. 
All visual stimuli were presented on a 19 iuch RGB monitor controlled by a stimulus-
dedicated PC. Background luminance was between 80 and 90cdjm.2. Intensity response 
nonlinearities of the monitor were measured with a photonwh:r and compensated for with 
gamma correction hardware. Stimuli \vere presented a.t retinal eccentricities of about 1 
to 5 degrees. 
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3.3 Grating tuning curves 
First, we determined the neuron's selectivity to orientation, spatial frequency and tem-
poral frequency using drifting achromatic sine-wave gratings. The selectivity to spatial 
phase was determined using counterphased gratings with optimal orh~ntation, spatial fre-
quency and temporal frequency. Color selectivity of neurons was determined according 
to method of Lennie et al. (1990) using drifting sine-wave gratings. 
3.4 Cooling Studies 
Cryogenic blockade of VI was achieved with a silver plate with an appropriate shape 
attached to a device that cooled electrically through the application of the Peltier prin-
ciple. The cooling power of the device was adjusted by changing the electric current. 
Rewarming of the cortex was achieved by reversing the current polarity in the device. 
Temperature was measured continuously on the cooling plate surface. The cortex was 
cooled for at least 3 minutes until its surface \vas at a temperature of between 9 and 
l4°C. 
4 Experimental results and models 
4.1 Back projection pathways modulate contrast sensitivity in LGN cells. 
After determination of ~he cell's receptive field position, size, and color properties, the 
responses to gra.ting~ with optimal .spatial and temporal frequencies and diffm·ent con-
trasts were~ measured. The amplitu.des of t.he first harmonic as a function of the stimulus 
contrast were compa.red before, during, and aftf)r cooling of Vl. \Vithout cooling, the 
C<~ll shows a larger range for which its respon~es are proportional to contrast (Fig. 2a). 
Responses of the cell during Vl inactivation have a similar shape to those of retinal 
ganglion cells (see Kaplan and Shapley, l_9SG). The amplitudes of the first harmonic of 
cell responses to contrast changes were fitted with Nairn-Rushton functions: 
R(C') = R(O) + R.,,,Cf(C' -1- b) (1) 
where C is stimulm; conLrast; R(O) is response at zero percent contrast whieh was sub-
traeted automatically from all measurmnents. Rma:c is the maximal response of the cell; 
b is the contrast at half rnaximum response. In this experiment both maximum respont-ie 
(Rmax) and contrast for half of ma.xirnmn response (b) are several times lower during cool-
ing of the area. Vl than in control. The change of Rmru; frotn values above 90 spikes/sec 
in the control to about 38 spikes/s<-;c during cooling means suppression by a factor of 
about 2.5 (Fig. 2a). This scaling change during cooling can be interpreted as a removal 
of a normal multiplicative effect of the back-projecting pathways on the gain contrast 
responses. Simultaneously, during cooling, contrast which gives a half of maximum re-
sponse (coefficient b) decreased almost cj times. This change related to Vl cooling can be 
interpreted as the back-projection activity under normal conditions moving the contrast 
curve to the rightl into the range of higher contrasts. 
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Fig. 2. Responses of LGN magnocellular neurons to change of the drifting grating contrast. a: 
Before, during, and after cooling of Vl area; b: Before and during extended surround stimulation. 
Measurements during cooling or surround stimulation are represented by stars, in control by 
circles. Mean values ± standard errors were approximated with equation (1) and plotted a;:; a 
function of contrast in log~ log scale. Parameters of equations are shown in the lower part of the 
figure. 
On the basis of our measurements, we hypothesize that one role of the back·· projections 
is to change the contrast gain of LGN cells over different contrast ranges. Our data can 
already explain seemingly contradictory findings by otlH:'rs that cooling of Vl may cause 
an increase or decrease of the ceWs responses. Fi:om Fig. 2a, it is clea.r that the effect of 
bad: projection inactivation on the response depends on contrast of the stimulus. 
These results suggest that retinotopic feedback from VI to LGN has tv..ro distinct 
components. One component is a constant bn.seliue rate; of inbibition which is relatively 
independent of the degree of contrast. of the retina.l input. This component has the same 
effect on LGN aetivation as a redudioi1, by <.t Hxed anh)unt: of the input contrast, and 
thus causes the contrast response curve to shift dowmva.rds. 
The second component of feedback from VI to LGN is exeitatory and an increasing 
function of the degree of :-;timulation of Vl by LGN, and thus of t.lw retina.J input contra::>t. 
The strength of this excitatory feedback is small at srna.ll values of contrast and increases 
monotonically with increasing contrast, so that at sufficiently large values of contrast 
it overwhelms the baseline inhibitory feedback and shifts the contrast response curve 
upwards. 
The LG N response 1 L 1 to retinal contrast C, ean tlms be expressed as 
L(C) = [1 + cV(L(C))]LnJ(C- cK). (2) 
Here the constant ]( represents the contrast-independent inhibitory feedback from Vl, 
while the function V(L(C)) represents the contrast-dependent feedback component. The 
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constant cis equal to unity in the normal brain, and in the case of suppression of Vl-to-
LGN feedback is set to zero, so 
(3) 
I.e., L,J(C) is the contrast response function with no feedb>1ck from Vl. 
Our hypothesis is th>1t, for small C, V(L(C)) approaches zero. So, in this limit, and 
in the presence of feedback from Vl (absence of Vl cooling), 
L(C) "'L,1(C- I<). ( 4) 
Comparing the contrast response curves (Fig. 2a) before cooling (L) and during cooling 
(L,J ), for small values of C, we find a value for f{ of approximately 
I<"' 0.03. (5) 
Is this value consistent with the interpretation of J( as the effect of a baseline level 
of inhibitory stimulation of LGN by Vl? From the curve for magno cells in Fig. 2 of 
Kaplan and Shapley (1986), we estimate the number of spikes per seconrl per unit of 
control impinging on LGN cells from each retinal ganglion cell to be 1 roughly, (30 spikes 
per second per ganglion cell) 7 (0.1 dimensionless contrast units) = 300. If, to obtain a 
crude estimate of the rate of baseline fr-ed back from Vl needed to "cancel out" J( = 0.03 
units of contrast, \VC take the effi.cacy of spikes to be equal in magnitude (though of 
course opposite in sign), we find that 300 x 0.03 = 9 spikes per ~ecoud must reach each 
LGN relay cell from Vl. This a. not-unreasonable m1mber. Each LGN relay cell receives 
input from about 10 cortical cells, most of them frou1 Vl (Sherman al}(:l Koch, "1986) 1 so 
a. baseline firing rate by each of these celb of a spike per second would suffice. To the 
best of our knowledge such a baseline level of feedback has not yet. been experimentally 
observed, but, in the context of our findings to date it would be quite interesting to 
determine whether or not it in fact exists. 
4.2 Properties of receptive field extended surround 
Fig. 2b shows the effect of extended surround stirnnlation on a celPs responses to differ-
ent contrasts in its classical receptive field. In control conditions (no extended surround 
stimulation), the cell shows a smaller range of linear response than the cell in Fig. 2b 
and also saturates at lmvcr contrasts. Extended surround stimulation with a low spatial 
frequency (0.5 c/dcg) and high contrast (90%) shifted the contrast. response curvn down-
ward. During extended surround stimulation, contrast response amplitudes were smaller 
than in control for lmver contrasts; they increased for contrasts above 20%) but remained 
bclmv control values. For other ma.gnoccllula.r neurons we have observed similar effects 
of the extended surround activation on contrast responses, with even faster increase of 
the response amplitude for high contrasts. 
Aftc~r determination of tho coefii.cients describing classical receptive cell properties, we 
held these coefficients constant) and assumed that extended surround stimulation had an 
additive effect on the responses to classical receptive field stimulation. We thus tried to 
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Fig. 3. Mean ± SE responses of LGN magnocellular cells to change in the spatial frequency 
of the drifting grating. a: Mean values of the first harmonics were fitted to the difference of 
Gaussian with parameters shown in lower corner of the figure; b: Change in response as a 
function of drifting frequency in extended surround. Mean values of the first harmonics were 
fitted to the difference of three Gaussian functions describing center, surround, and extended 
surround with parametc~r:-; shown iu lower comer of t.hc figure. Triangle up- center alone, dotted 
line - response to center ± SE, triangle down - response to surround stimulation alone. 
get a simple estimate of the influence of extended surround stimulation (with a drifting 
grating) on responses of the cell to an optimal grating applied to its classical receptive 
field. Our measurernents of the first harmonic of the response amplit.ude c:ts a function of 
the spatial frequency in the extended surround show its inhibitory inflncnce (Fi.g. 3b). In 
general, the suppression decreased with an increase of spatial frequency. \Ve take a simple 
model in which th<-~ extended surround has Gaussian properties and inhibits responses to 
stimulation of classical receptive field like a !ow-pass spatial filter with a low frequency 
cut-off. The data in F'ig. 3b were fitted with three Gaussia.ns, the first. two as in F'ig. 3a 
describing antagonism between classical receptive field center and surround, the third 
representing the suppressive effect of the extended smTGmHl: 
R(f, j,) = C(I<,-n~e1:p(- (rdrr) 2 ) 
- f( ,rr1·; exp(- ( ,., f rr )2) - ](,, rrT;, e:cp( -· (T,.,J,, 7f ) 2)) (6) 
where the sp;c.tce constants of the center, surround, and extended surround Gaussia.ns are 
denoted by Tc, '!' 8 , and res and the strengths are Kc, 1(5 , and Kcs 1 respectively; Cis the 
contrast of the stimulus; f and fes a-re spatial frequencies of drifting grating applied to 
the classic receptive field and to its extended surround, respectively. 
Comparing measurements for sevnra.l different LGN cells, with the model, eq. 6, sug-
gests that the model is incorrect. (Se<:\ e.g., the cell in Fig. 3b.) The interaction between 
receptive Held and extended surround seems to be more complex than additive. The 
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simple addition of the third Gaussian as representative of the extended surround is an 
insufficient approximation to LGN cell responses. 
5 Summary 
We have investigated tho effects of feedback from prima.ry visual cortex (V1) upon the 
activity of cells in the lateral geniculate nucleus (LGN). From cortical cooling experiments 
we find that the effect of feedback, as reflected in the contrast response curve, is more 
complicated than a simple exdtation or inhibition. A model of this interaction suggests 
that corticofugal feedback consists of two components, a contrast-dependent excitation 
and a baseline inhibition. 
A comparison of an additive model of extended surround/classical center interaction 
is shown to be insufficient to account for data measuring feedback-mediated responses to 
grating stimulation. The complexity a.ud subtlety revealed by these feedback interactions 
tend further weight to the concept that the LGN, far from being a mere relay station, 
performs sophisticated top-down-dependent processing of visual information. 
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